The Towaliga fault, southern Appalachians, contains fault rocks that formed under various P-T conditions, revealing a complex reactivation history. It trends 070 along the northwest flank of the Pine Mountain window, changes to 035 at the northeast end of the window, and continues northeastward into the Inner Piedmont. Isolated, kilometerscale rhomboidal pods of silicified cataclasite along the Towaliga fault likely represent ancient dilational step-overs, which acted as conduits for hydrothermal fluid flow during faulting and, consequently, are sites of concentrated mineralization. Towaliga fault garnet-grade mylonite formed during large-displacement Alleghanian (∼295 Ma) dextral strike slip, while geometric and kinematic evidence suggests dilational step-overs formed in a small-displacement sinistral strike-slip system. Mutually overprinting crosscutting relationships with Mesozoic diabase dikes confirm cataclasis occurred ∼200 Ma. Silicified dilational step-overs are present along both fault orientations, although the absence of step-overs at the bend in the fault suggests two separate brittle faults reactivated discrete segments of the preexisting ductile fault. Ribbon quartz mylonite (∼400ЊC) is found locally along the Towaliga fault but is also widespread through this part of the Piedmont. This mylonite occurs along other brittle faults in the region, and brittle fabrics exclusively overprint plastic deformation where the two fabrics occur together. Formation during the late Alleghanian or early stages of Mesozoic rifting is indicated, although precise timing is not well delimited. This phase of deformation may provide insight regarding the character of the final amalgamation or early stages of Pangea breakup in the southern Appalachians. Recognition of the rhomboidal pods as dilational step-overs resolves confusion concerning timing and kinematics of Towaliga fault brittle deformation and has wider implications regarding the state of stress during initial stages of continental drift.
Introduction
Brittle strike-slip fault systems in the shallow crust frequently consist of numerous discrete, en echelon segments linked by step-overs, which are scale independent and mostly dilational and which commonly produce rhomboidal structures (e.g., Segall and Pollard 1980; Bahat 1983; Aydin and Nur 1985; Sibson 1987 ). Dilational step-overs in active fault systems are concentrated sites of earthquake swarms and aftershocks (Hill 1977; Segall and Pollard 1980) . Based on fault plane solutions from the vicinity of dilational step-overs, Hill (1977) proposed that a fault-fracture mesh of interlinked shear and extension fractures occupies these sites Manuscript received March 1, 2012; accepted August 24, 2012. * Author for correspondence; e-mail: mhuebne1@utk.edu.
( fig. 1) . Moreover, the propagation of earthquake ruptures is commonly impeded at these locations, which Sibson (1985) attributed to a suctional force (F s ) produced by an immediately imposed pore fluid pressure gradient that results from rapid opening of extension fractures within the fault-fracture mesh in fluid-saturated crust during fault slip. Force F s can easily exceed wall-rock tensile strength, yielding angular, nonattrition hydraulic implosion breccias cemented by hydrothermal precipitates (Phillips 1972; Sibson 1985) . The induced structural permeability within the fault-fracture mesh provides conduits for hydrothermal fluid transport and, in combination with the forced fluid pressure gradient, results in concentrated mineralization (e.g., Mitcham 1974; Sibson 1987 Sibson , 1996 . Large dis- Figure 1 . Idealized fault-fracture mesh of linked shear and extension fractures occupying a dilational step-over (from Sibson 1985) with corresponding stress ellipse. Orientations within the fault-fracture mesh should be consistent with stresses imposed on the main fault; that is, extension veins should form parallel to j 1 .
placement along hosting faults is not necessary to precipitate appreciable mineral deposits (Sibson 1996) . Numerous isolated, kilometer-scale rhomboidal to subrhomboidal or elongate ridges of silicified cataclasite along the length of the Towaliga fault (figs. 2-4) may represent ancient dilational step-overs. These occur in addition to garnet-grade mylonite and chlorite-muscovite-grade ribbon quartz mylonite. As such, a range of interpretations has been proposed regarding the spatial and temporal relationships between fault rocks, in addition to the kinematic history of the Towaliga fault. Recent detailed geologic mapping at the northeast end of the Pine Mountain window ( fig. 3 ) has provided crucial insight into the temporal and kinematic history of the Towaliga fault and may have important implications regarding the assembly and breakup of Earth's most recent supercontinent.
Geologic Setting
The Towaliga fault is one of the largest faults in the southern Appalachian Piedmont ( fig. 2 ). It emerges from beneath the Coastal Plain in Alabama trending ∼070 as it frames the northwest side of the Pine Mountain window and suspect terrane (Steltenpohl et al. 2004 ), changes to ∼035 at the northeast end of the window, and continues northeast along that trend through the Inner Piedmont, possibly to the Georgia-South Carolina border. The Pine Mountain window likely represents an allochthonous block of Laurentian basement plucked from the distal margin and thrust onto the platform before or early in the Alleghanian orogeny (Hooper and Hatcher 1988b; McBride et al. 2005) . The interior of the Pine Mountain window consists of continental basement gneisses unconformably overlain by the Pine Mountain group, a metamorphosed cover sequence of Neoproterozoic-Cambrian(?) siliciclastics and carbonates (Steltenpohl et al. 2010 ). Alleghanian ductile faults of different ages frame the Pine Mountain window, indicated by crosscutting relationships and varying contrasting rheologic and P-T conditions during deformation (Hooper and Hatcher 1988b) .
Interpretation of seismic reflection data from the Consortium for Continental Reflection Profiling (COCORP) led to the hypothesis that the Towaliga fault is a northwest-dipping normal fault with 7-9 km of late Alleghanian or Mesozoic displacement (Nelson et al. 1985 (Nelson et al. , 1987 Steltenpohl et al. 2010 ), but McBride et al. (2005) suggested a more conservative normal displacement of !200 m after reprocessing the same COCORP data. Steltenpohl (1988) and Hooper and Hatcher (1988a) concluded that the Towaliga fault is an Alleghanian dextral strike-slip fault with a minor normal component.
The Mesozoic breakup of Pangea in the southern Appalachians spans ∼30 m.yr., with evidence recording extension, basin filling, deformation, and magmatism occurring from the Middle Triassic to the earliest Jurassic (e.g., Manspeizer 1988; Olsen 1997; Withjack et al. 1998; McHone 2000) . Northeast-southwest-trending rift basins received sediment from Middle Late Triassic times, followed by a brief period of basin inversion, reverse-sense reactivation of preexisting border faults, and deformation of basin deposits in the latest Triassic during the rift-to-drift transition (Withjack et al. 1998; Schlische et al. 2003) . Undeformed diabase dikes cut these structures and confirm that northwestsoutheast-directed shortening had ended by the earliest Jurassic (Withjack et al. 1998; McHone 2000; Schlische et al. 2003) .
Diabase dikes along the Atlantic margins of both Americas and Africa (the Central Atlantic Magmatic Province [CAMP]) yield tight, clustered ages 202-198 Ma (Hames et al. 2000) . Although collective dike emplacement likely occurred over a few million years (Hames et al. 2000) or possibly less time (Nomade et al. 2007 ), emplacement of individual dikes was likely instantaneous . Diabase dikes share mutually overprinting crosscutting relationships with numerous small-displacement faults filled with silicified cataclasite across the southern Appalachian orogen ( fig. 5 ), indicating overall coeval emplacement over the duration of CAMP magmatism (Garihan et al. 1993; Hatcher 2006) . However, it is difficult to apply a single strain ellipse to include the orientation of diabase dikes (assumed YZ plane as mode I fractures) and siliceous cataclasite faults (shear planes). Diabase dike orientations mostly trend northwest (290-345) in the southern Appalachians, rotating to a more northerly and northeast trend in the central Appalachians ( fig. 5) . A narrow north-south-trending fanned swarm also occurs in the Carolinas, although the age of these dikes is indistinguishable from the more abundant northwest-trending set (Beutal et al. 2005) . Siliceous cataclasite orientations also vary across the orogen and generally occur in groups trending 050-070, 015-020, 305-325, and E-W (Garihan et al. 1993; R. D. Hatcher, unpublished data) .
Brittle and Ductile Fault Rocks of the Towaliga Fault Zone
Towaliga fault garnet-grade proto-to ultramylonite protoliths include Paleozoic granitoids, Mesoproterozoic basement, and metasedimentary rocks from both the Inner Piedmont and Pine Mountain window in a zone that ranges from 10 m to 5 km wide (Steltenpohl et al. 2010) . Shear-sense indicators include asymmetric j, d, and v porphyroclasts, strongly developed S-C fabric, and asymmetric folds, all of which indicate dominantly dextral shear (Hooper and Hatcher 1988a ; this study). The mylonite zone dips steeply northwest with moderate-to shallow-plunging mineral stretching lineations, indicating primarily dextral strike slip (Hooper and Hatcher 1988a; Steltenpohl 1988 ). An absolute age of ∼295 Ma was determined for the Towaliga fault based on a whole-rock Rb-Sr isochron on the Farmville (Alabama) metagranite, which exhibits retrograde fabrics identical to those in the Alabama segment of the Towaliga fault zone (Goldberg and Steltenpohl 1988) . This age agrees with the truncation of the sillimanite-grade Box Ankle thrust fault (∼303 Ma; Student and Sinha 1992) and Alleghanian Inner Piedmont granitoids (325-299 Ma; ) by the Towaliga fault. High-temperature Towaliga fault mylonite zones can be separated from brittle fault rocks by as much as 300 m and are locally excised altogether by brittle faulting. Brittle fault rocks along the Towaliga fault occur as banded cataclasite and attrition breccia ; this study), although the most prominent features are isolated map-scale rhomboidal to subrhomboidal ridges of silicified breccia and cataclasite dispersed along the length of the Towaliga fault ( fig. 4 ). These rhomboidal pods are almost exclusively composed of hydrothermally precipitated quartz and locally exhibit positive topographic relief in excess of 40 m. Northwest dip is inferred from slight asymmetry of the ridges. Rock fabrics within cataclasite pods range from massive, undeformed vein quartz to intensely brecciated quartz vein fill ( fig. 6 ). Veins mostly range from 1-2 mm to ∼10 cm thick, and the multiple crosscutting nature of veins confirms numerous episodes of brittle deformation ( fig. 6 ). Abundant euhedral to subhedral quartz crystals grew normal to vein walls, resulting in a vuggy "boxwork" texture evident throughout cataclasite pods. High-dilation wall-rock breccias are relatively less abundant and reveal little evidence of attrition with low clastmatrix ratios ( fig. 6C ). Brittle quartz fabric suggests deformation occurred !300ЊC, and Babaie et al. (1991) estimated Towaliga fault siliceous cataclasite formed at depths of 8-14 km based on fluid inclusion analysis of silicified veins. Towaliga fault siliceous cataclasite shares similar textural and compositional characteristics with Mesozoic cataclasite throughout the southern Appalachians and elsewhere in the orogen (e.g., Flint Hill fault zone, New Hampshire [Robinson 1989 ]; Lantern Hill fault, Connecticut [Altamura 2001]) .
In addition to these end-member fault fabrics, relatively low-temperature (chlorite-muscovitegrade) ribbon quartz mylonite occurs along the Towaliga fault ( fig. 7 ). This mylonite is generally composed of 195% quartz, with minor alkali feldspar and muscovite porphyroclasts. Elongate quartz ribbons mantled by smaller recrystallized quartz grains characterize this rock, with partial to complete recrystallization of ribbons occurring locally ( fig. 7 ). Development of new grains by subgrain rotation within porphyroclasts frequently occurs, although bulging concentrated at grain boundaries . Mutually overprinting crosscutting relationships between silicified faults and CAMP diabase dikes. Diabase dikes cut the Towaliga fault (A; Woodbury 7.5-min quadrangle) and are truncated and possibly offset by the Towaliga fault (B; Stewart 7.5-min quadrangle). Note the offset of the diabase dikes that cut the Towaliga fault by the Shiloh fault. C, D, Detailed geologic maps with transparent slope-shaded digital elevation models illustrating the rhomboidal nature of isolated siliceous cataclasite pods along the Towaliga fault locations shown in A and B, respectively. The Woodbury 7.5-min quadrangle is not included in figure 3. Geologic map shown in A and C modified from Hewett and Crickmay (1937) .
remains a dominant recrystallization mechanism. We interpret these textures to represent deformation that occurred in the lower-temperature portion of the zone of subgrain rotation, likely near the transition from bulging recrystallization to subgrain rotation, indicating temperature ∼400ЊC (Stipp et al. 2002) . Brittle behavior of feldspar porphyroclasts confirms deformation temperatures below the threshold of ductile feldspar flow (450Њ-500ЊC; Pryer 1993; fig. 7 ). Babaie et al. (1991) acquired a muscovite K-Ar age of ∼269 Ma from a brecciated Towaliga fault quartz-ribbon ultramy- lonite but dismissed the age as a result of Ar loss or mixing with later muscovite crystallization.
Ribbon quartz mylonite occurs locally along the Towaliga fault and is also abundant throughout the region in both Laurentian lithotectonic terranes and the Carolina superterrane ( fig. 3 ). The volume of ribbon quartz mylonite, however, is minuscule relative to the volume of quartz veins showing no evidence of shear. In outcrop, most ribbon quartz mylonite occurs as !15-cm-thick quartz veins concordant with regional foliation that does not appear to be laterally continuous. In situ exposures of the mylonite are rare, and we have found none in place along the Towaliga fault. Where present in outcrop, S-C fabric and asymmetric mica fish indicate dextral shear sense. Hadizadeh et al. (1991) reported micaceous quartz mylonite and quartz ultramylonite along the Towaliga fault not associated with cataclasite pods and deduced dextral shear sense from mylonitic fabric. Previous work on other brittle faults in the region (e.g., Gardner 1961; Schultz 1961) reported the occurrence of sheared quartz veins on brittle faults northwest of Covington, Georgia, although none were found in outcrop. Davis (1980) described similar ribbon quartz mylonite associated with the Middleton-Lowndesville fault (Central Piedmont suture) in northeastern Georgia and also reported exposures only as float.
The nature and significance of the relationship between ribbon quartz mylonite and brittle faults remain unclear, although there is at least some spatial affinity between the two. Where they occur together, we have found that brittle fabric exclusively overprints ductile deformation ( fig. 7D-7F ). Davis (1980) noted the same overprinting relationship, and Babaie et al. (1991) stressed the lack of recrystallization of brittle fabrics from a Towaliga fault silicified cataclasite pod. On the other hand, Hadizadeh et al. (1991) reported sheared microfractures in brecciated mylonite not associated with any cataclasite ridge along the Towaliga fault.
Isolated Pods of Siliceous Cataclasite as Dilational
Step-Overs Gillerman and Sibson (1988) presented three criteria to identify dilational step-overs in ancient fault systems: (1) the master fault should be barren of mineralization; (2) the orientation of extension veins within step-overs should reflect the shear sense of the master fault; and (3) there should be evidence of multiple episodes of deformation within step-overs. Isolated cataclasite pods along the Towaliga fault throughout central Georgia meet these criteria, and there is other evidence that is consistent with these sites acting as dilational stepovers during faulting. First, secondary mineralization between cataclasite pods is rare along the trace of the Towaliga fault. Hadizadeh et al. (1991) also reported a paucity of veining or secondary cementation in attrition breccias from a locality not associated with rhomboidal ridges along the Towaliga fault. Regarding the second criterion, Andersonian theory predicts the principal shortening imposed on a strike-slip fault should be horizontal, oriented ∼30Њ from the vertical fault surface. Consequently, extension veins within a dilational step-over along this strikeslip fault should be vertical and form parallel to the principal shortening direction (figs. 1, 8A). The orientations of silicified veins in a well-exposed rhomb-shaped ridge along the 035-trending segment of the Towaliga fault (Barnes Mountain; fig.  4D ) revealed significant scatter with a prominent cluster oriented ∼005-185, which corresponds to the inferred shortening direction based on fault orientation ( fig. 8 ). Copious evidence of multiple brecciation episodes throughout these pods ( fig. 6B )satisfies the third criterion. Zoning of vein-fill quartz ( fig. 6A ) is at least indicative of episodic fluid influx and could also be an indicator of incremental opening of extension veins.
The rhomboidal shape of the pods reflects stepover geometry, and ubiquitous high-dilation rock textures support the interpretation that these pods are dilational features. Additionally, rocks showing evidence of intense argillic alteration occur adjacent to some cataclasite pods ( fig. 9 ), which also indicates that an influx of hydrothermal fluid occurred at these localities. Sibson's (1987) dilational step-over model provides a mechanism for concentrated mineralization at these sites along the Towaliga fault that is consistent with rock textures observed in the field. The identification of these isolated ridges as dilational step-overs provides valuable kinematic insight into this episode of faulting in an area where other indicators are difficult to ascertain.
Discussion
The geometry of the step-overs, in addition to the dominant orientation of extension veins within cataclasite pods, suggests formation in a sinistral strike-slip system ( fig. 8) . Cataclasite pods could alternatively be argued to be products of dextral shear involving several small left-stepping en echelon dextral strike-slip faults. However, these pods are not comprised of blocks of country rock separated by closely spaced faults, nor does this mechanism explain the concentrated mineralization, wholesale dilation, or the prominent orientation of extension veins within these structures. Additionally, our observations do not support the occurrence of significant normal displacement during brittle faulting. These data suggest silicified cataclasites were produced during Mesozoic sinistral strike-slip reactivation of the Alleghanian Towaliga fault.
Sinistral strike slip inverted the dominantly dextral strike-slip motion observed in the Alleghanian garnet-grade Towaliga mylonite (and possibly ribbon quartz mylonite), which supports a disparity in timing between formation of ductile and brittle fault rocks. Crosscutting relationships between siliceous cataclasite and ∼200 Ma diabase dikes, however, provide the strongest evidence regarding timing of brittle faulting. Dikes cross the trace of the Towaliga fault (Hewett and Crickmay 1937;  this study) but are also truncated and possibly offset by the fault (fig. 4) . Abundant evidence of multiple deformation episodes in Towaliga fault cataclasite Figure 9 . Plane-polarized (PPL; A) and cross-polar (XPL; B) photomicrographs of a hydrothermally altered Inner Piedmont granitoid adjacent to a dilational step-over, ∼10 km east of Jackson, Georgia. Note the breakdown of feldspar, chloritization of biotite, and secondary pyrite and calcite; cal, calcite; chl, chlorite; kfs, K feldspar; py, pyrite; qtz, quartz. C, Hand specimen of brecciated, hydrothermally altered Inner Piedmont granitoid. A color version of this figure is available in the online edition or from the Journal of Geology office. pods indicates that recurrent brittle faulting occurred over a protracted, albeit short, amount of time, which likely overlapped CAMP diabase dike emplacement and formation of other silicified cataclasites across the orogen. Jones (1970) reported the same overprinting crosscutting relationships along the Oxford fault, located ∼20 km northwest of the Towaliga fault, which contains similar isolated rhomboidal pods of silicified cataclasite ( fig. 3) .
The exact nature of the spatial relationship between ductile and brittle fault rocks presents an interesting conundrum. Alleghanian garnet-grade mylonite can be traced through the change in strike at the northeast end of the Pine Mountain window, with silicified cataclasite pods along the 070-and 035-trending segments.
Step-overs should be most abundant along a fault where curvature is greatest (Aydin and Nur 1985) , but none occur at the bend in the Towaliga fault. This suggests that cataclasite pods along the Towaliga fault are products of separate brittle faults (Hooper 1989) . Brittle faults with similar orientations (035 and 070) occur in this re-gion, but most are not associated with earlier ductile faults (e.g., Oxford fault, small faults near Barnesville, GA; fig. 3 ). This suggests that Mesozoic brittle failure along the Towaliga fault was not purely a function of propagation along a preexisting weakness; these faults were optimally oriented in terms of the prevailing stress field during deformation. The inheritance of these fault orientations through time is certainly intriguing, considering brittle faulting is not unique to preexisting mylonite zones. The boomerang shape of the garnetgrade Towaliga fault is at least indicative of progressive heterogeneous simple shear (polyphase Alleghanian deformation), and the bend in the fault at the northeast end of the Pine Mountain window may be a site of inherited mechanical weakness through time.
Based on the crosscutting relationships with diabase dikes along the two separate fault segments ( fig. 4) , one could construct a temporal scenario in which the 070 segment was active before diabase dike emplacement (older), and the 035 segment postdates dike intrusion (younger). However, this scenario assumes that all diabase dikes spatially related to the Towaliga fault were emplaced at exactly the same time. The geochronologic precision necessary to validate this assumption is not currently available; therefore, we maintain Mesozoic reactivation along both segments was roughly coeval. Additionally, dikes that crosscut the Towaliga fault are offset by the Shiloh fault, which occurs farther southwest and shares a similar orientation with the Towaliga fault ( fig. 4A ).
Abrupt truncation of Paleozoic Inner Piedmont granitoids along the Towaliga fault at the northeast end of the Pine Mountain window ( fig. 3 ) indicates significant displacement has occurred, which we interpret to be a product of ductile Alleghanian deformation. The size of step-overs is generally proportional to displacement on the main fault (Segall and Pollard 1980; Sibson 1985) , suggesting that Mesozoic sinistral displacement along the Towaliga fault was on the order of 1-5 km. This estimate is consistent with the possible 2.5-km offset of a diabase dike set in the study area ( fig. 3 ), although this apparent offset could also be two separate dike sets truncated by the fault. Assuming this is a dike set offset by the Towaliga fault, the temporal overlap between faulting and dike emplacement indicates that this represents only minimum displacement. Steltenpohl et al. (2010) suggested lower-temperature ribbon quartz mylonite zones link isolated pods of siliceous cataclasite along the Towaliga fault, implying coeval formation of the two fabrics. Dynamic recrystallization textures in ribbon quartz mylonite indicate that deformation occurred at significantly lower temperatures than the garnet-grade Alleghanian Towaliga mylonite but at temperatures considerably higher than those inferred from deformation fabrics in silicified cataclasite. Timing of the lower-temperature ribbon quartz mylonite, along with the nature of its relationship with the Towaliga fault, remains unclear. We have found few occurrences of ribbon quartz mylonite along 160 km of the Towaliga fault, and, to date, none have been in situ. Assuming an association between ribbon quartz mylonite and the Towaliga fault, scenarios that may satisfy this relationship include (1) coeval formation of ribbon quartz mylonite and siliceous cataclasite in the ductile regime, with cataclasis resulting from transient elevated strain rates; (2) the present erosion level passing through the ductile-brittle transition during faulting or the ribbon quartz mylonite predating cataclasis, forming (3) in the late Alleghanian or (4) during the early stages of Mesozoic rifting ( fig. 10 ). The second through fourth hypotheses are similar in that development of mylonitic fabric precedes brittle deformation, although they differ in that the third and fourth scenarios imply two distinct deformation events ( fig. 10 ). Cataclasis occurring at the Triassic-Jurassic boundary is a necessary condition for all hypotheses.
Scenario 1. Evidence of plastically deformed cataclasite should be fairly common if ribbon quartz mylonite and cataclasite formed coevally at ∼400ЊC. We have not observed this relationship; brittle deformation exclusively overprints mylonitic fabric in our samples, although others have reported evidence of ductile overprinting of brittle fabric. The overall rarity of this relationship strongly argues against both fabrics forming concurrently in the ductile regime. Additionally, opposite shear sense of the two fault rock fabrics would preclude coeval formation altogether, assuming Towaliga fault ribbon quartz mylonite shares similar shear sense with other ribbon quartz mylonite throughout the region.
Scenario 2. An episode of rapid uplift or cooling would be required for the currently exposed structural level to pass through the ductile-brittle transition from ∼400Њ to !300ЊC during CAMP magmatism (say, over 2-4 m.yr.). Dallmeyer (1978) concluded that the Inner Piedmont was mostly exhumed by the opening of Triassic rift basins, in agreement with the occurrence of high-grade metamorphic detritus in basal conglomerates in southern Appalachian Mesozoic rift basins (e.g., Thayer 1970) . Mesozoic rift-related normal faults and basins were inverted before CAMP magmatism in the Figure 10 . Temperature-time curves demonstrating the evolution of the Towaliga fault, illustrating the multiple working hypotheses discussed in text. 1, Green line: coeval formation of siliceous cataclasite and ribbon quartz mylonite at ∼400ЊC during CAMP magmatism; 2, purple line: formation of both fault-rock fabrics during CAMP as the exposed structural level passed through the brittle-ductile transition; 3, red line: formation of ribbon quartz mylonite during the late Alleghanian; 4, blue line: formation of ribbon quartz mylonite during the early stages of Mesozoic rifting. Temperature ranges of the bulging recrystallization-subgrain rotation transition (BLG/SGR) and brittle-ductile transition from Stipp et al. (2002). southern Appalachians (e.g., Withjack et al. 1998) , which implies crustal thinning associated with rifting had also ceased by this time. Furthermore, opposite shear sense between ribbon quartz mylonite and siliceous cataclasite complicates formation during a single protracted deformational event but does not refute it. Beutal et al. (2005) suggested a rapidly rotating stress field may have occurred over the time of CAMP emplacement to explain the spread of diabase dike orientations in the southern Appalachians, which is also consistent with the numerous orientations of contemporaneous silicified Mesozoic faults ( fig. 5 ). This may argue that a switch in shear sense during CAMP magmatism is possible.
Scenarios 3 and 4. Nearly ubiquitous brittle overprint of ribbon quartz mylonite and scarcity of the inverse relationship support the second through fourth hypotheses, although scenarios 3 and 4 forgo the problem of opposite shear sense between the ribbon quartz mylonite and cataclasite. Unfortunately, available data do not discriminate between late Alleghanian and early Mesozoic rift-stage formation of ribbon quartz mylonite. The K-Ar age of ∼269 Ma acquired by Babaie et al. (1991) supports late Alleghanian deformation, although those authors did not convey confidence in that analysis. Alternatively, the model of Pangea breakup proposed by Swanson (1982) may be applicable to the occurrence of deformation features in the Georgia Piedmont. Swanson (1982) suggested Pangea breakup occurred via (1) an early stage of dextral shear; (2) followed by a period of extension, normal faulting, opening of, and deposition in Triassic rift basins; and (3) ending with sinistral shear, deformation of Triassic basins, and diabase dike emplacement. Shearing events were hypothesized to take place over wide arcuate zones parallel to the continental margin as a product of counterclock-wise (dextral) and later clockwise (sinistral) rotation of Africa relative to North America. Widespread sheared quartz veins throughout central Georgia could be a product of the proposed dextral shearing event that occurred before the main phase of rift basin fill, placing the formation of ribbon quartz mylonite sometime in the Middle Triassic. The Middle through Late Triassic was generally quiescent in this region, as Triassic basins formed more proximal to the continental margin (e.g., Manspeizer 1988; Olsen 1997) . The rift-to-drift transition has been hypothesized to be marked by a brief period of shortening, deformation, and basin inversion that occurred immediately before CAMP magmatism (Withjack et al. 1998; Schlische et al. 2003) . Sinistral shearing along numerous small-displacement Mesozoic faults occurred coevally with diabase dike emplacement, which corresponds to the final stage of the tectonic model proposed by Swanson (1982) . This scenario indicates ∼30 m.yr. separates formation of ribbon quartz mylonite and silicified cataclasite, which permits sufficient time for the present erosion level to cool 1100ЊC, indicated by the difference of deformation fabric between these two rocks. Additionally, if the emplacement of CAMP diabase dikes was related to an initial resistance to drift (e.g., Withjack et al. 1998) , the spread of diabase dike and silicified fault orientations across the orogen may be the result of an unstable stress field during incipient stages of North American continental drift (Beutal et al. 2005) .
The timing and rate of Inner Piedmont exhumation is likely a key variable in determining when the episode of dextral shearing recorded by ribbon quartz mylonite occurred. Other factors, such as increased geothermal gradients resulting from Alleghanian orogenesis or Mesozoic crustal extension, cannot be overlooked. In turn, more precise temporal limits regarding this intermediate deformation event that produced the widespread ribbon quartz mylonite may provide a better understanding of tectonic events that occurred between the final amalgamation and the early stages of Pangea rifting in the southern Appalachians. Additionally, these data may play an important role in deciphering the complex reactivation history of the Towaliga fault. Conclusions 1. Isolated rhomboidal to subrhomboidal pods of silicified cataclasite along the Towaliga fault (and other Mesozoic faults in central Georgia) likely represent dilational step-overs in small-displacement, sinistral strike-slip systems. Recognition of these features as dilational step-overs provides crucial insight into the kinematics of brittle deformation in an area where other kinematic indicators related to low-temperature deformation are rare. This mechanism may apply to siliceous cataclasite genesis throughout the orogen.
2. Alternating crosscutting relationships with ∼200 Ma diabase dikes confirm Mesozoic reactivation of the Towaliga fault. 3. Significant displacement along the Towaliga fault likely occurred during Alleghanian deformation. Possible 2.5-km offset of diabase dikes and the size of the step-overs suggest relatively small displacement during sinistral Mesozoic reactivation.
4. The Alleghanian Towaliga fault changes trend from 070 to 035 at the northeast end of the Pine Mountain window, and both segments were reactivated as separate Mesozoic faults. The distinct bend in the garnet-grade phase of the fault also indicates polyphase deformation occurred during the Alleghanian orogeny.
5. The timing of ribbon quartz mylonite deformation remains problematic. Mylonitization likely occurred sometime between Alleghanian deformation and Triassic-Jurassic reactivation of the Towaliga fault.
6. The widespread abundance of ribbon quartz mylonite indicates an episode of dispersed dextral shear through the Piedmont and may have important implications for tectonic models regarding the final assembly or breakup of Pangea. Events described in Swanson's (1982) model may correspond to our observations of post-Alleghanian structures.
7. Our data do not support significant normal displacement along the Towaliga fault.
